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I NTRODUCTI ON

Interest in plasma physics has been greatly increased by the practical uses that
are envisaged for plasmas in such devices as thermionic energy converters, plasma propul-
sion engines, and thermonuclear reactors. At the high plasma densities required for realisitic
devices, one of the more important d eionizing mechanisms tonding to destroy the plasma is
radiative recombination. Hence, knowledge of the value of the radiative recombination co-
ficient or cross-section is essential to the rational design of a large class of useful devices.
Up to the present time consistent and accurate values of the radiative recombination cross-
section have hot been available. As a result several measurements of recombination are in
progress in various laboratories. Among these is the present program being supported at
RCA Laboratories by the U. S. Army Transportation Research Command. This program is
distinguished by utilizing a beam method ultimately capable of separating the components
of the reaction before and after recombination takes place. This technique Is not subject
to the uncertainties which plague the other methods, all of which rely on measurements made
on a complex plasma.

Measurements of the volume recombination coefficient, a, of ions and electrons in
gas discharge afterglows using photometric and probe techniques were made by various
workers during the ate 1920's and 1930's. 1.7 These measurements yielded values of a of
the order of 10. 10 cm 3/sec. Later, microwave measurementa of the complex conductivities
of afterglows waire used to find the ambipolar diffusion coefficient and the volume recombi-
nation coefficient. 8 1 5 These later measurements yielded values of the recombination coef-
ficient which were about three orders of magnitude larger than those found by the probe
method. Theoretical calculations of radiative and dietectronic recombination 16 18 predict
values of a some two orders of magnitude (a k 10!2 10" 13) smaller than the values found
by the probe method and, hence, five orders of magnitude smaller than ,the values yielded
by microwave measurements. However, the theoretical values of the dissociative recombi-
nation coefficient 19, 20 are of the same order of magnitude (10 "7) as those found by the
microwave measurements. On the basis of the low degree of ionization (104-10*3 percent)
employed in the microwave measurements as compared to the probe measurements (10,2
.10.1 per cent), it has been supposed that the microwave experiments measure dissociative
recombination rather than radiative recombination. 13,2 1 There seems to be no good guess
as to just what was measured by the probe experiments.

More recently D'Angelo has proposed that a three-body type of recombination in-
volving two electrons and one ion can explain the comparitively large values of a that have
been observed. 22 Thus, at high electron densities (101 1013 cm3 ) he predicts a's to be
from 20-70 times the usual (theoretical) radiative recombination coefficient for hydrogen.
That this type of three-body recombination is important in dense helium plasmas is con-
fimed in an experiment by Kuckes et al. 23 Hinnov and Hirschberg, in a different calculation
involving a two-electron, onoion type of recombination, predict even higher values of a
at high electron densities. They also measure the recombination coefficient in plasma afte-
glows (helium and hydrogen) by spectroscopic means and got good agreement with their
omputation. 24 In addition, Hinnov and Hirschberg's computation is in substantial agree-

ment with the computation of Bates and Kiagstons and that of McWorter. 26 Finally, in a
very recent paper Byron et aI 27 give a "*simple general method of calculating both the elec-
tron temperature and the net rate of three-body recombination." Their calculation is In
good agreement with that of Bates and Kingston.



Insofar as specifit' measurements on the cesium recombination are concerned, the
only reasonable ones tO date appear to be those made by Mohler using the probe technique.4
He finds a 83.4 x 10610 cmaisec.

It is clear that further work on recombination is necessary to resolve the diserep-
ancies that still exist despite some encouraging recent work. The microwave and probe
techniques suffer the common disability of not being able to diltinguish clearly between
the particular types of recoinbination taking place. in addition, the probe experiments are
subject to sit the errors inherent in the use of Langnuir probes to measure plasma prop-
erties, as has been shown by work performed at these Laboratories. 28 All the experimental
methods that have been employed involve the determination of the recombination coefficient.
These experiments are thus always performed on a complex plasma in which it is difficult
to isolate the specific interaction.

To help resolve these difficulties and to supplement the very scant information now
available on cesium recombination, the present experiment to measure the coss-section
rather than the coefficient for the volume recombination of cesium ions and electrons has
been undertaken.

The method employed here to measure recombination is one that has not hereto-
fore been used for this purpose. This method, in brief, involves the passage of a beam
of ions, which potentially may be mass analyzed, through a modulated "cloud:" of elec-
trons. The emergent beam is then passed through a transverse electric field which sepa-
rates ions from atoms. The modulated current of recombined atoms is detected by means
of the secondary electrons emitted when the relatively fast atoms fill on a metallic sur-
face. One is thus able to find the cross-section for recombination between electrons and
ions in an unambiguous way.

In the following sections, the beam technique of measuring radiative recombination
will be described and analyzed. First the general experimental technique will be outlined.
In order to do this, a brief review of the theoretical analysis of the passage of an ion beam
through an electron cloud will be given. An overall picture of the apparatus will then be
drawn and the general method of operation explained. Following this, each component of
the apparatus will be described in modest detail. The results of tests made on the individ-
ual components will be included where pertinent. At the conclusion, a brief description
of some very preliminary tests that have been made on the apparatus will be given. The
results of these tests, which give -some indication that the method is workable, will be
discussed in conjunction with an overall critique on the sensitivity of the method.
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BASIC OF THE IOH BEAM METHOD
OF MEASURING RECOMBINATION

in order to understand how the beam method of measuring recombination works,
consider the following analysis of the passage of an ion beam of current at any point Ii
and of homogeneous velocity vi through an electon cloud which has a density of elec-
trons N_ .If for the moment the electrons are considered as being at rest but randomly die.
tributed in space, then the current of ions d11 which is lost from the ion beam by recombi.
nation after the ion beam hos traveled a distance dx through the electron cloud is

fir, it NO QR (Vr)d. (1)

Here QR (v,) is the crossesection for recombination at a relative velocity between the ion
and th. electrons of v.. Integrating (1), the current of ions (i1) remaining after the ion beam
travels a distarce x through the electron cloud is found to be

" o e'N ° QR(Vr) x

I0 is the initial ion current which enters the electron cloud at x - o. The current of atoms
IR (recombined ions) at the point x will be given by the difference io - I; thus

it !,(o -( -eN o OR (Vr) x .

In any practical case No QR (v,) x < < 1 (being approximately 10olO); hence, to a high
degree of accuracy,

= I o (1 -No QR (vr) x) (a)

and

I- 1= NO QR (vr) x (2b)

In an actual physical situation, the electrons, rather than being stationary, will be
moving with the Maxwellian velocity distribution appropriate to the temperature of the oleo,
tron cloud (T0 ). From the anAlysis of the free path of a particle of one type in a gas of
ahother, the probability per unit time 0 that an ion with velocity v, makes a recambi.
nation collision with an electron 1*29 v 1 T0

'To0" N°Q(v 1)(2kT 0 /w) e'+ (2 o - ] (
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Hierb v,(m/2 kT) ~,m is the electron; mass, k is Bol1tzmann's conatant, anid QRt(vI)
is; the recombination: cross-section averaged over the rotative velocity between ion and
electron's (vr). In deriving (1), Qg (v,) enes it - integral. The approxim~ation of taki-ng

QR~r) ut f te i't~grad a a on~ante~ul t Q~v1)was made. In addition, to a good
degree of approximvation, Qrt(v1  QIR(vt)3 w here y. is the average relative velocity be-
tween. electrons and ions. The ions travel a distance x In time xc/v1,, and thus each Ion
has a probability v irX/v1 of makinfg & recombination collision in traveling thin die-a
tanice. As a result, the current of recombined ions (atomns) Is

1rt - 1 T OV x/v1 . (4)

If an effective electron density NO is defined as

No M0 OIvTc/Vi QR(Vr)d(5

by soolving (5) for OB T and suibstitung in (4) one obtains, In analogy with equations
(2a, b), v

Ij , =INe QR(~)) ( 8b

Equations (6a, b) form the basis of the beamn method, of measuring the recombination cross-
section. if a beam, of ions of known current is passed through an electron cloud of known
density and temperature and If the current of recombined atams can be measured, equation

(fla) can be used to ind vR(t).

Measurements that have been made in tbe past yield the recombination coefficient
rather than the recombination cross-section. As a result, it is useful to give the relation
between these quantities. The recombination coefficient, a, may be understood as follows.
Consider a plasma with an ion density N, and an electron density Ne,. The rate of loes of
ions by recombination Isa equal to the rate of loss of electrons and0

dN1  dNO
3F:99-= - -j= a NONi . '

Consider for the moment a stationary cloud of electrons and an ion beam impinging on
the electrons with velocity V, and current density J1. The ion density is then N, '41I/v1 o
and edNj/dt - Qj1/dx since v. is considered not to -vary Wit lime or distance. Since
equation (2) applies equally well to the curn dest for . ostn dimee b _ eams which
are here assumed, dJ,/dx -J 0 N0 QR (vI). Thus from (7), jo QRt(v,) m e (t(v,) N,, where
a(V1 ) is the recombination coefficie nt forsa relative velocity vi. In sny praictical case,

j jo and

QR(vi)_av)-
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In a real situation, the measured a wouild be an average over the relative velocity between
the ions and electrons. Thus a -- f v Q - (v) f (v) dv, where f (v) is the normalized distia-
bution of relative velocities between tge electrons and ions. A good approximation30 to
this inte gral is

a 'rQ R (~*(9)

Thus to the degree of approximahion of (9), a and Q are simply related through the average
relative velocity between ion and electron.

Thus, as a brief summary: if an ion beam of known current is allowed to pass
through an electron cloud of known length, density, and temperature and if the current of
recombined ions (atoms) can be measured, the recombination crosssection Lis obtained by
applying equation (6a), A schematic diagram of the experimental apparatus consitructed to
implement the method outlined in the previous section is shown in Figure 1. The actual
layout of the apparatus is shown in Figure 2. An ion bean iis formed at the ion gun and
focussed through the recombiner. A cloud of electrons is formed and can be modulated in
the recombiner by the action of the grid. The density of electrons can be computed from
knowledge of the grid current and the recombiner geonetry. After passing through the elec
tron cloud, the beam, now consisting of ions and a relatively small number of recombined
ions (atoms), passes through the electric deflecting plates, where the ions are deflected
upward while the atoms continue in the original direction. The ions are collected in a
Faraday cup ion collector which is guarded by a secondary electron suppressing electrode.
Because of the small amount of recombination that takes place, the current to the ion cal1
lector is essentially I. The undeflected atoms continue to the first dynode of an electron
multiplier. The relatively high-energy atoms are detected by means of the secondary elec-
trons which are enitted when the atoms fall on the dynode. The multiplier output is pro.
portional to the recombined current of atoms. The constant of proportionality must be found
by means of subsidia~y calibrations which will be described later. The entire assembly is
housed in a vacuum system capable of maintaining very high and clean vacuum conditions
yet flexible enough to permit convenient component replacement and the addition of various
interesting modifications, such as mass selection of the ions prior to recombination. Initial
trials of the apparatus have been made, and sias , which it is believed are due to recom
bination, have been observed. The qualifications for this latter observation will be given
in the discussion section. A prime requirement for the fiLnal evaluation of any measurements
made in this apparatus is an understanding of the operation of each of the components.
Thus, in the following sections, each of the components will be discussed in detail.
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maximum current, will diverge by a given amount in approximately one-half the distance
that one would calculate from the simple theory. Thus, the current predicted using (10)
should be reduced by at least a factor of 4. Using these considerations, ion currents ap-
proximately ten times as large as those that have been obtained would be predicted. Since
the ion gun design is theoretically capable of providing the proper convergence to reach
the limiting current density, it is clear that the system is limited by the ion source. in
addition, the nonuniform nature of the emission from the cesium aluminum silicate source
causes a considerable variation of the optimum focusing voltages as the source ages. As
a result, the use of a porous plug type of ion source to replace the present source is being
considered.



THE RECOM BINER

in order to obtain a high ,density of thermal electrons in some region, it is neces
sary to overcome the space charge force tending to keep the electrons apart There are
two methods to do this that have been considered here and which will be discussed. One
of these methods is now being employed in the apparatus, and there is a strong likelihood
that the second method, which yields a higher density, will be put into effect in the future.
Briefly, the first method overcomes space charge by accelerating the electrons towards the
axis in a cylindrical geometry. -his method gives a high electron density over a very small
volume. The second method achieves- a high electron density by neut ralizing the electrons
with positive ions. Th9 possible effect of the ions on the recombination will be discussed
later. Ash and Gabor 7 have described electron intetaction experiments which used both
of these methods and in which some experimental values of the electron densities were
found. They do not however, give a theoretical treatment which is appropriate to the condi-
tions; of the recombination experiment.

The recombiner using the first method considered and incorporated in the recombi-
nation apparatus at the present time is shown in Figure 4. In a cylindrical arrangement,
electrons are accelerated towards the recombiner axis by a positive voltage applied to the
grid. The action of the electron space charge depresses the potential in the recombiner to

CATHODE

kCERAMIC
CENTERING SCREWS

o .100o.200.300 400 500
INCH4

THE RECOMBINER
FIGURE 4
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zero at some radius b. At this radius the space charge density is highest, failing off to-
wards the axis where the potential becomes negative. Thus, the result of this arrangement
is to achieve a relatively high density of electrons near the axis of the recombiner where
the ion beam can readily be placed. A theoretical calculation for a sirmilar parallel plane
arrangement is given in Appendix I. The results of this calculation give a lower limit on
the density that would be obtained in the cylindrical case. This limit certainly does not
differ by more than a factor of 2 from the true cylindrical value. 3 8 If the accuracy of the
remaining parts of the experiment becomes sufficiently high, more precise computations
can be carried out.

The results of the computation have been used to plot the voltage distribution and
the electron density for a typical case using the same dimensions as the recombiner. These
are shown in Figures 5 and 6. As can be seen, the voaltage and density vary rapidly with
distance from the recombiner axis. Thus a proper average must be used to obtatin the net
density appropriate to the recombination. This is done by noting that the crosssection for
recombination falls as approximately the inverse of the eleetion energy. Thus, the density
at each point in the positive potential region of Figure 6 is divided by the ratio of the
average energy at that point to the average energy at V 04. The resulting modified density
can then be averaged over the region of the recombiner occupied by the ion beam. When
this is done for the case shown, the average density is found to be approximately
3 x 10 9 /cm 3 .

As is clear from the calculation of Appendix i, the current density passing through
the grid must be known. This current density is readily found from the current intercepted
by the grid if the grid transmission is known. it can be shown that if the grid-cathode
spacing is much larger than the grid "hole" size, the electron transmission ratio through
the grid is equal to the geometric grid transmission (ratio of "hole" area to total grid area).
This is the case for the recombiner, and the grid transmission is 69%. The recombiner in
this case is pulsed off by making the cathode positive with respect to the grid. The grid
is held at ground potential so that the ion beam does not "see" the pulse.

The mechanical details of the recombiner are straightforward and can be seen in
Figure 4. The grid is identical to the "nuvistor" grids employed in the RCA tube type of
that name. The grid, which is self supporting, is allowed to slip in the ceramic bushings
to jrevent binding when the cathode is heated. The cathode is a nickel cylin'der coated on
the inside with a standard triple-oxide cathode coating. A uniform coating is achieved by

rotating the cathode while the coating is being applied. The cathode heater is noninductive.
Good activation of the recombiner cathode has been achieved, and current densities of the
order of 100 ma/cm2 have been passed through the grid.

The second method of achieving relatively high electron densities is based on the
observation of Ash and Gabor 3 7 that the electron cloud inside a hollow cylindrical cathole
is almost unavoidably neutralized by the presence of ions (probably barium) from the cathode.
They find fairly uniform electron densities of the order of 10 1 /cm- in such hollow cylin-
drical cathodes. Since they discuss this matter at length and the work here on this approach
has just started, nothing more will be said now about the magnitude and unifornity of the
electron density. For the purposes of recombination measurements, however, the electrondensity in this "gridless" case can be modulated by the application of a magnetic field

of the order of a hundred gauss applied parallel to the recombiner axis. The field would

11
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ION DEFLECTOR AND FARADAY CAGE

The beam emerging from the recombiner is passed through a set of elect-dc deflecting
plates, which separate the ions from the atoms. A do field across the plates deflects the
ions to a Faraday cage, where the ion current is measured.

The geometry of the defledting plates was optimized to caUse 6 kV Csions to

deflect through an angle of 15 in a distance of one inch with a relatively low dc field
value of 1500 volt/cm, The Faraday cage is a stainless steel cup, .7'" long and .90" in
diameter, supported by a single glass bead. Insulation is important here, as any leakage
current would affect the readitng of ion curren-t. The secondary emission currents from the
metal of the cage are suppressed by a small do gradient applied between a suppressor
plate and the cage.

Both the deflecting system and the Faraday cage operate satisfactorily.

14



THE ATOM DETECTOR

A survey was made of several possible methods for detecting low~density beams
of neutral atom's possessing energies equivalent to a few kv. Among the methods considered
were:

1. Detection of O-active Cs834 obtaihed by irradiation of the Cs 13 3 beam with
slow neutrons.

2. Use of a Faraday cage ion detector after reionization of the beam by electron
bombardment.

.3. Flashing of a tungsten surface previously coated by beintg exposed to the
atom beam during a known period of time.

4. Direct contact ionization of the Cs-atoms at the surface of a heated metal,
such as tungsten.

5. Use of a phot-oultiplier to detect and amplify the light signals produced by
the impact of atoms in a scintillation crystal.

6. Production of secondary emission by bombarding a suitable surface with the
atom beam, followed by electron multiplication.

After a prelilminary'study, methods 1 and 9 were rejected because the interaction
processes involved have a cross-section too low to provide successful detection. Method
8 is essentially a dc version of method 4, without selective feature with respect to back-
ground Cs and foreign ions. Methods 4 and 5 were considered at Length and are discussed
in Appendices 11 and 1ii. Method 6 was chosen as most promising for the experiment and
is discussed below.

THE SECONDARY EMIiSION DETECTOR AND E!LECTRON MULTIPLIER

The secondary emission from metals has been used by a number of workers 3 9 4 2

to detect low-energy atomic beams. The values of y, the secondary emission coefficient,
range from less than unity for low-energy beams up to values of over 20 for the impact of
very fast Hg atoms on surfaces of sodium and potassium. In most cases, however, the
value of y does not appear to be very sensitive to the nature of the solid surface but is

markedly influenced by the presence of an absorbed gas layer. Work of Paetow and Walcher 43

with Cs+ beams shows that, in cases where the surface has not initially been freed of all
ito absorbed oxygen, a composite film of Cs +0 is formed and that a saturation value of
y is reached when this composite film is one monolayer thick.

The secondary current caused by a neutral atom beam of the order of 10T 15 amp,
such as is expected in this experiment, can most conveniently be amplified with an elect-
tron multiplier. The first multiplier dynode is used as an atom-electron converter with

conversion efficiency which appears to be of the order of unity for 6 kv cesium atoms.
The remaining thirteen stages of the RCA C-7187J electron mrultiplier provide a current
an of up to 100, yielding an output current of a0, t 10-8 amp wth i hgh signal-to-

noise ratio.

Because the ratio of the multiplier output curent to the input atom current is un-
known and in addition is likely to vary with time because of surface contamination effects,

15



a means of calibration is essential. An approximate calibration can be made using ionis
rather than atoms. In this case the question of the charge dependence of the secondary
electron detector must be raised. This dependence has been investigated by Barnett and
Reynolds, 4 4 who report a response to neutral particles slightly larger than the response
to the corresponding ions. The ratio varies between 1.37 and t.62 for the few cases iin-
vestigated. Due to the complicated nature of the secondary emission process and its de-
pendence on, the pasthistory of the surface, it appears dangereus to generalize this result.

A promi-sing method of calibration has been pointed out by Allison, 4 who notes
that the question of charge dependence can be: obviated by charge equilibrating the beam
in either a gaseous charge exchange chamber or more simply in a thin metal foil just prior
to the beam's impact with the secondary emitting surface. It is expected that this latter
method will be employed here.

The "dark" ' current of eolectron multipliers is the sum of several contributing
causei-4. The first is thermionic emission from the dynodes. Second, any residuai ions
accelerated back to the first dynodes cause the emission of pulses whkih will be fully
amplified. Field emission from sharp poiints or edges at any electrode, and electrical
ohmic and nonohmic leakage can play a roll but tre usually less important on well designed
ultipliers. 46 The dc da rk current output of electron multiplier type C,7187J was masured

and found to, range from .005 to .0. jAA for applied voltages between 2500 and 3500 V.

An RCA Developmental Type C-71J: 14-stage Electron Multipier cage with ox-
idized copper-beryllium dynodes was sealed to a vacuum flange and fixed at the neutral
detector end of the instrument. The first dynode acts as an atom-electron converter. The
remaining 13-stafe system acts as an electron-multiptier which shoutld provide a current
gain of about 10 when the specified voltages are applied to the dynodes.

The secondary emission coefficient y was obtained for Cs-ions of 6 kv energy by
monitoring the ion current I in the Faraday cup and measuring the secondary electron cur-
rent 12 at dynode 2. Results are tabulated below:

I, (pA). 12 (A) .Y 7 12/l

.006 .012 2.00
.007 .0125 1.80
.010 .0275 2.75
.100 .300 3.00

Because of the perturbing effect of the stray field from the ion pump magnet, the multiplier
gain was initially only HOa. The gain was increased to its proper value of 10 by the ex-
pedient of bucking out the ion pump magnetic field with a small external magnet placed
near the multiplier. Internal and external magnetic shields have been constructed, and
will be adapted to the multiplier to correct for this perturbation.

It is intended to amplify the 100 cpa modulated signal from the electron multipl er
by a Tektronix type 122 preamplifier followed by a specially designed narrow-band ampli-
fier previous to its detection in a phase-sensitive detector. The specially designed

16



amplifier has 2 stages and u1ses a Twin4T network in a regenverative feedback loop. Figure
7 is a schematic of the amplifier and lock-in detector. The Twin-T filter is a high.Q three.
terminal network with maximum impedance at its center frequency of 100 ep.s. The forward
gain is 80. The feedback gain is variable from 0 to 180, resulting in a Q varying up to
about 40 and in a bandwidth of 2.5 cps. The lock-in detector is an ad-aptation of a circuit
devised by Shuster4 7 for nuclear magnetic reonance nieasrements. Reflering to Figure 8,
a random incoming signal VA applied at the cathodes of a dc*balanced twin-triode tube V
leaves the dc-balance condition at the anodes unchanged. A reference signal Vr is taken
from the modulating source and applied, out of phase, to the grids of the tube. Vr which
is filtered out at the anodes by the long tinie constant of the RC network also leaves the
dc-balance condition of the anodes unchanged. Only when the ineoming signal has the
same frequency and a fixed phase relationship to the reference signal will the steady bal-
ance condition at the anodres be disrupted. The tockein detector thus provides a dc output
voltage proportional to V cos 0 where 0 is the phase shift between signal and reforence
input. The effective bandwidth, that is, the band from which noise is received, is half the
reciprocal of the time constant of the filter network falowing the detector. Thus, A =
This time constant is adjustable from a few milliseconds to several seconds, result-
ing in an effective bandwidth as narrow as O, cps. Additional gain is obtained by feeding
the dc output voltage to a do balanced voltmeter amplifier.

Both amplifier and lock-in detector are powered by a dc supply stabilized to 0.1%
with respect to line fluctuations.

Tests of the TwinT amplifier with sinusoidal input yielded the anticipated values
of 60 for gain and of 2.5 cps for minimum bandwidth, The overe-all voltage gain of the unit
was about 140 for square wave input.
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THE VACUUM ENCLOSURE AND PUMPING SYSTEM

As will be discussed shortly, it is essential to the success of this experiment
that the lowest possible pressure be maintained in the experimentAl chamber. To this end,
the system enclosure is constructed of matfg flanged stainless steel sections which are
sealed together with copper gasketA. Electrieal connections are brought into the vacuum
system through, either ceramic or kovarglass seals. The system is pumped by a Consoli-
dated Vacuum Corporation 25-liter/sec ion-getter pump. The fore vacuum necessary to
start the ion pump is obtained by use of a sorption fore pump. The entire apparatus can
be baked at 400C. As a result, the pumping system in no way contaminates the apparatus
with organic or other undesired vapors and has maistained vacua of better than 2 x iO*

mm Hg.

Mechanical &li fnmrent is provided by the enclosure through the accurate concen-
ti city of the meating flanges. Thus, any subcomponent brought into alignment in an itidi,
vidual section will come iinto alignment with the remaining components automatically.
This a lows Lmodifications to be incorpomted into the apparatus with relative simplieity.

2
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DIS CUSSION

Having described the experimental method and apparatus in some detail, it is now
appropriate to discuss the sensitivity of the method and what likelihood there is for the
method to succeed.

Before entering into a discussion of the predicted sensitivity, the indications found
from initial measurements will be described. Since these measurements were of an extremely
limited nature and no calibrations were performed, they are mentioned only as a hopeful
sign that the apparatus sensitivity may be sufficient to measure the desired crossisections.
The following was observed: with the ion beam focussed through the recombiner, the re-
combiner cathode hot, and the deflecting voltage adjustred so that the ions were collected
in the ion collector, the dc current output of the electron multiplier increased by approxi-
mately one percent as the recombiner electrons were turned on by applying the appropriate
voltage between grid and cathode, This effect was repeated statistically a number of times
and can be explained either by the recombination of ions with the electrons or by an in-
crease in pressure resulting in an increase in the atom current formed by exchange when
the recombiner is on. Since the heater temperature is not varied when the electrons are
turned on and since no pressure variation is observed, it seems likely that the effect is
due to recombination. Unfortunately, further steps to identify the interaction could not be
taken at that tine because of the depletion of the ion source. As will be seen below, the
size of the obsorved effect was not unreasonable, The question of a pressure variation
occurring in the recombiner as the electrons are turned on and off arises from the fear that
when the electrons are "on" the resulting electron bombardment of the grid will cause
degassing to occur. In the "gridless" recombiner described earlier, this question will not
arise. in the present system, the grid, being inside the cathode, is at cathode temperature.
Prior to operation, both cathode and grid are heated to temperatures some 3000C higher than
that normally used. Thus it is not unreasonable to hope that the grid will not degas when
bombarded. Whether this is true or not will be checked in future experiments by turning
"off" the electrons with a mragnetic field without varying the grid cathode potential.

Although it is hoped that the question of apparatus sensitivity will be settled in
a favorable way by our experimental activities in the near future, it is both useful and
interesting to make a few predictions. It appears that the best available esitiniate of the
size of the recombination coefficient is given by Hinnov and Hirschberg, 2 4 who verify u
theory based on a three-body (two electrons and one ion) interaction with a spectroscopic
investigation in helium and hydrogen plasmas. Converting their coefficients to cross-
sections using equation (8), estimates of the size of the current of atoms due to recombi-
nation can be made as a function of the effective average electron density in the recombiner.
The result of doing this is shown for an incoming ion current of I pA and an electron tom-
perature such that kT = 0.1 eV (T = 11610 K) in the table below.

Assuming that a pressure of 10-8 mm Hg is maintained in the apparatus, the current
due to exchange between the ions and the residual gas in the apparatus over the ion beam
length between source and deflecting plates of 10 cm is calculated taking the exchange
cross-section to be 10.16 cm2 . This neutral current due to exchange is 8.5 x 10.13 amps

for an ion current of 10'6 amps. The measured dark current of the multiplier referred to the
multiplier input is 10-/105 M 10O l amps. Thus the spurious de current at the multiplier
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input is 4.5 x 10.13 amps. The signial due to recombination for electron dehsities in the
range between 10 10 and 5. x 10 1 would be approximately one percent of the spurious dc
current. Using the modiulated system, the signal-to-noise power ratio may be calculated
assuming full-shot noise is carried by both the signal current (1R) and the spurious cur-
rent (Ip)i The noise of the multiplier is accounted for by its contribution to the spurious
current. Thus, the signal-to-noilse ratio is

S/N =

2 e(IR +in) Af 2 e(1 slp/R) A

Us9ing this formula, the signal-to-noise power ratios shown in the table
are found.

EXPECTED SIGNAL AND APPARATUS 8ENSITIVITY

N6e
eletrons/m 3 From Ref. (24) QR * a iR SIN

sec" 1  cm2  Amps

109 1.69 x 1012 8.98 x 10620 8.98 x 106 17 0.056

5 x 109 2.41 x 10" 12 1.28 x 10-19 6.40 x 10 16 2.80

1010 3.29 x.10- 12  1.75 x 10-19 1.75 x 0 15 22.0

5 x 1010 1.04 x 1011 5.53 x 10&1'9 2.77 x 10-14 5.0 x I03

1011 1.92 x 10-11 1.02 x 101 1.02 x 10'13 5.5 x 104

As can be seen from the table, if the recombination cross.sections are of the order
of those shown, the signal-to-noise ratio will be of the order of unity or less at electron
densities below 5 x .09. Clearly this is the minimum density that is pemissible in order
to get a measurement. If the cross-sections are a factor of 10 less than those assumed,
a minimum electron density of 1010 is required. Under the conditions for which the initial
measurements described at the beginning of this section were taken, it is likely that the
electron space charge was at least partially neutralized. Thus the electron densities were
probably in the 5 x i09 to 5 x 1010 range. The one-percent increase in output with the
turning on of the recombiner is not inconsistent with these estimates.
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CONCLUSI ON

The apparatus to implement the beam, method of measuring recombination has been
brought to a stage where initial measurements can be made First measiurements have given
some indication that the method is sufficiently sensitive, although insufficient data were
taken to estimate the cross-section. The work will continue while some of the improvements
indicated for the ion gun and recombiner are being prepared.
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APPENDIX t

CALCULATION O1P POTENTIAL AND, CHA RGE DNIT INRCOMINER

In the following refer to Figure 0.1In an arrangement, symmetric around the m14plans,
a current, density of electrons' (J.)_passes through each of the paralliel plane grids which
are separated by a distance got andminftai~ned at aL positive potential V a- with respect tO
the cathodes at zero potential. The cmahode temperature is Ti Assuming J- to be suiffi-.
ciently high while V~ is sufficiently low, -the potential V between the griss is depressed
to zero at, x - b, Under these conditionts, the potential in the ceniter plane will! be nkegative
with value Vm. The region in which the potential is positive is denotod 19 and where nege
athve, IL. Since currenit is introduced from both left and right, it can be shown that In
Region 1 the density p is given by

p 2 - b (p0 LI erf /eiTi()

while in Region II, -by

p 2 pt) eV/kT

Here

PC J0 mu/ ki 8

The resulting Poisson equations are

Region I d2 V/dx 2 - 2 P0/ft [1 - erf Nfe7AT I

Regien 11 d2V/dx2 " 2 p/c 9 ep/k

Letting a -Pe/kT, the first Integrals of these equations ae

Region I

(Vj [e-" ( erf VW)+ A. eO&( r 'V
dx, a ec

+ (V' (4)

Region MI

~dV 4 0 PO(ecV av3  (
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If equation,(4) is taken to the limit T i*0, a -,the "nionthermal" equation results.:

~ : ~:~:J(V V) + (V) 2 (6

In the following, use is made of the fact that both (5) and: (6) can be integrated. Since
equation (6) must hold for V sufficiently positive, the correc t solution to equation (4) must
pass smnoothly into the solution of equation (6). At the same time, at x o b the field dV/&
must be continuous. Using these condtitions, the solution in Region 1I and the nonthermal
solution in Region I cant be found. The solution for the remfaiinfg thermal part of Rtegion 1
cank then be found by a relatively short graphical extrapolation. Proceeding by this Plan
and matching (4) and (5) at x & b, V u. 0, one gets

4 (V )2 + e (1 aerf V 4v ). (V)

The potential VaS will be found below from the nonithermal solution. Integrating equation (5),*

j 5 /2~ e / e V sn- iiI*~~()

and making the approximation that

uin1  ev -a on,

one obtains

am~ (#/9). (9

For the nonthermal solution, the condition that dV/dx -0 when V -0 must hold. It then

follows from (6) that4

2/iv -, 'r -'4( 0.

Thus (T) reduces to

eavm - avo( erOct ~v~ (10)
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where b is fondfom (9) and (31) in terms of edvf

Thus, in -Region 1,4 from (2) and (8) and using the same approximation as in (9) which implies
that x/b < .9,

ON ett "m/Cos2 (*X/2b) (2

p p dij/0o08 (it x/2b) (3

where

OM 2p 0 d in r2 e 6/t[b 2 . (14)

The value at x in b is found without approximation and is

p 2p.

In Region I, the solution of the nonithermal equation yields

2/8

V x x-a d) 4 3 (5

where d V! v/2/(9,2 flo -se1/

and

p 2JO/ /ie/rn 16)

Thus, using (10) and (11) to find VM and b, (12) and (13) give the solutions for the poteno
tial and density in Region II. The potential and density in the higher voltage pat of
Region I aire given by (15) and (16), while the solution in the remainder of Region I can '
be found if desired by a graphical extcapolation.

A@ an illustra-tion, the solutions for the case J @ 100 ma/am2 , a " 0.85 am and
V 50 volts have been plotted in Figure ,6 The coplt notem luton as

ben- shown by the dotted prtion on Figr 5 statheetrapolated region is quite
clearly defined.
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Calibration

if a sufficient number of wall collisions are obtained prior to escape, the ionization
efficiency can be made 100% and, neglecting noise, the neutral beam intensity can be taken
as being equal to the ion current drawn from the detector.

Sputtering and Thermail H01se

Even high-purity tungsten, when heated, emits a number of ions, amiely, K, Na,
R b, Ca and Al. Datz et a152 have shown that this emission occurs as random pulses, a
single pulse releasing as many as 106 ions in less than 100 Isl. The average frequency
of the pulses and the number of ions per pulse are temperature and pressure dependent.
As a result of these considerations, the folowing noise estimates are made:

Noise power due to sputtering: one 100 psec square pulse per second
of .2 x 1046 ions results in zeronfrequency Fourier components of
10"14 amp X sec and of 10 19 watts in a i09 a impedance. Assuming
a 20 db attenuation at 100 cps, this amounts to 10-21 watt boise power

- Themal noise (kT x bandwidth x gain) corre;ponding to 1900K, a bands
width of 1 cps, and a gain of 1, is 1.6 x 10'" watt. The total noise
power amounts to 1.? x 10*20 watt.

A conservative figure of 1061 5 A for the recombined beam intensity would result in a signal
power of 1021 watt and in a signal-to-noise-power ratio of 1:17. A more optimistic ex

pectation of a signal I0 14 A would result in a signal power of 10-19 watt and in a signal-
te-noi so ratio of 6:1.

Thus it is clear that the surface ionization detecting system is rather marginal for
this particular application. The following optimizing conditions will be essential:

a) Use of extremely pure tungsten as contact ionization surface.
b) Use of the smallest possible area of ionization surface.
c) The background pressure should be kept as low as possible.
d) The modulation frequency should be as high as possible, within the limits al-

lowed to keep the input impedance of the preamplifier sufficiently high.

Practical Design

A surface ionization detector was designed based on these optimizing principles
and is shown in Figure 10. The ionizing surface is high,-purity 4ungsten (99.85% W, .08% 0,
0% Mo, ,09%C). It is shaped as a cylindrical box with triangular base, providing, fm
the beam entrance aperture A, the desired multireflection path. Two ion-collecting plates
C are fixed, one on top and the other at the bottom of the box. A noninductive heating
element H is wound around the box, with a heat shield St.The detector is electrically

shieded by box S2.
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PreampIIifit,

A two-stage preamplifier (seo Figure 11) was designed to match the very high out-
put impedance of the detec tor to the lock-in amplifter-deteetor input impedance. The pte-
am pli rier useas aVictoreen Type .58,00 electrometer tetrode dcecoupled to a Raytheon type
C0418 srubminiature tetrode.. The whole unit i-,- mounted on the flange holding the stem of
the detector. The box fismade light-tightt to minimize photoelectric gri'd currents, and airs
tighit to minimize leakage in the input circuitry. The'load-res4istanice of the detector is a,
Vi ctoreen Hi-Meg Resister of 10 12 0, sh-e by th 2 pfiutcpacitance of the elec-
trometer tube, resulting In an effective input impdac rfi~0a 0 cs h otg
gain was found to be 25, and: uniform over -the frequency range of 5 to 2000 cps.

580)/vX 44A CK641:8

~--OOUTPUT
SURFACE
IONIZATION IOMEG-
DETE CTIOR F

FIGURE 11

Tests

A_ la developed in the stem, just prior to the tests of the detector. Because of
this, And because more promising re-sults were anticipated With the secondaryi-emission
detector, further tests on this device have been posp-ed



APPENDIX [It

THE SCINTILLATION DETECTOR

Principle

Duting the course, of study of ion exchlange as a means of calibrating fast atom
detectors, the possibility arose of using the light emitted when fast Ces ium atoms hit a
thallium-activated Cs I crystal. This method has been used by till 5 3 and by several
others5 4 ,5 5 in their measuremets of charge exchange equilibri a of fast moilecull ar H+
beams. 2

The excitation of crystals by atom collision is a complex phenomenon involving
Compton and photoelectric effects, as well as charge-exchange and other inelastic proc-
esses. in the low-energy region, the Compton-effect seems to predominate; and, due to
their high mass number and hence high momentum value, even relativey low-energy Cs
atoms are likely to cause excitation. The scintillator characteristics, its emission spec-
trum, its efficiency, and its decay time are determined by the molecular properties of its
components, its impurity content, and its crystal structure.

An interesting feature of the excitation is that charge equilibrium of the beam is
obtained as soon as the particle enters the crystal and that, as a consequence, the exci-
tation is charge insensitive. 5 3 The same scintillation material can be used to measure the
relative intensity of the neutral and of the charged beam components, with no change in
response. A calibration chart established for ions should be valid for neutral atoms

Another interesting feature of this detecting system is that, in association with
proper electronic circuitry (pulse height discrimination), it leads itself to a display of
the energy spectrum of the incident beam. As an example, using this technique and the
coincidence detectiontechnique, Sweetman54 and Gudinj'5 5 56were able to isolate the four
main processes involved in the dissociation of 11+ in collision with gases.

2

Only the scintillation crystal needs to be irradiated by the beam; the photomule
tiplier tube can be mounted outside the vacuum chamber, provided it is optically coupled
to the crystal. This eliminates a variation in gain due to slow contamination of the dynodes
by Cs deposit, or by oxygen when the system is assembled,

Sensitivity

In evaluating this detection method, several factors have to be considered with
their effect on signal and noise: the scintillation material efficiency, the optica cping
between scintillator and photocathode, the photocathode radiant sensitivity, the dark cure
rent, and the multiplier gain.

Signal
A typical figure for the conversion efficiency of a CsI-Th crytal is the pouction

of one photon of 5000A per 90 eV. Hence, a beam of 10 15A of 6 kv Cs-atoms should
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excite 4 x 105 photons per second, or a radiant power of .16 ItpW at a wavelength of
500A Taking the optical coupling constant, as 0.5, the power reaching the photocathode
should amount to .08 p/iW. With a value of overmall radiant sensitivity of 0.6 Amp/ItW,
such as is exhibited by RCA Typer-16'5 phototube, the original beam should result in a
multiplier output amount of 5 x 10SA.

Dark Current

The equivalent dark-eurrent, input of the photomultiplier at room temperature is
2 x 10" 10 lumen, resulting in an anode output current of 0.3 x 10*6 A. The equivalent
noise input for a bandwidth of I cps is about 10 "12 l umen, resulting in a noise output of
current of 1.4 x 10'OA.

Other Radiant Noise Sources

A good detection efficiency for C s atoms demands a scintillation material with
high density such as the alkali lodides, and their emission .speettum in turn (4900 to
5200A) dictates the choice of Type S-20 photocathode insofar as its spectral response
is concerned. The vacuum chamber of the recombination apparatus now contains two light
sources, the ion heater and the reoembiner heater; both are oxide coated and heated to
1150.12006R Taking 0.5 as an average value for the emissivity of the oxides, the energy
radiated at 4200 A, where type S.20 photocathode exhibits maximum sensitivity, is 10'

of the maximum radiant energy of several watts emitted by the hot oxides at 25000A. As-
suming an attenuation factor of 10 in the optical transmhission path between heaters and
photocathode, we are still left wi th 10.8 watts ineident on a photocathode. This results
in a prohibitive input signal to noise power ratio of 10*13/ 1 0"S - 175.

These considerations eliminate the possibility of using the scintillation detectors
tot the planned experiments.
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